method presented here yields better resolution when data does lie in the higher-frequency regimes. This analysis shows that at least the reconstruction of specular reflection points is possible from high-frequency band-limited data. Lewis [2] and Perry [3] have examined an integral equation approach to the problem of f d l y reconstructing the characteristic function ?(X). It is believed that the results produced by this method would provide a satisfactory starting point in an iteration scheme for solving that integral equation. REFERENCES [ l ] . .
Remote Sensing of Sea State by Analysis of Backscattered Microwave Phase Fluctuations

S. F. CLIFFORD AND D. E. BARRICK, MEMBER, IEEE
Absrract-The relative phase of a normally incident microwave signal scattered off the sea surface is a random function of space and time. The statistics of these random phase fluctuations contain information about the wave-height statistics. This study demonstrates that the wave-height spectra can be deduced directly in terms of the spectra of the phase fluctuations without recourse to inversion techniques even when surface roughness exceeds many wavelengths of the incident signal. In the particular case of a nadirdirected satellite-mounted microwave source operating in the backscatter mode, the wave-height and phase spatial spectra are proportional with a constant proportionality of ( X O )~, where ko is the wavenumber of the scattered signal. [3] , the short pulse microwave altimeter [4] , and the microwave scatterometer [5] . We propose a new technique that obtains direct information about sea state parameters from analysis of the phase fluctuation spectrum of a microwave signal reflected off the sea surface. The technique requires an airplane-borne or satellite-mounted microwave source that illuminates the sea surface at normal incidence and detects the backscattered return. By applying the theoretical model of scattering that found such useful application to the problem of optical and microwave propagation in random media, we are able to derive U.S. Government work not protected by U.S. copyright. the wave-height spectrum directly in terms of the spectrum of backscattered phase fluctuations.
ANALYSIS
From existing theoretical formulations based on physical optics [ 6 ] , [7] we can derive the following equation for the magnetic field backscattered from a perfectly conducting ocean surface for a normally incident spherical wave e i 2 k 0 r r2 sec 0 2 where ko is the wavenumber of the incident radiation, Co is the incident polarization vector of the magnetic field, and r is the distance from the scattering point P to the point of observation P' (see Fig. 1 ). The origin of coordinates is at (p', 0 ) = (x', y ' , 0 ) ; r = d p 1 2 + [z' -t(pl + p ' ) ] 2 ; $ is the wave height at P, 6 is the angle from the nadir to the scattering point P ; A is the illuminated area, and z' is the height of the transmitterreceiver above the mean sea surface. To a close approximation z', the height of the transmitter, can replace Z' -in sec 6 / r 2 ; however, in the phase we must retain because we assume that the wave-height variations are much greater than a wavelength of the microwave signal. These approximations give where ro = d m .
We now introduce the angle el , which is the angle from the nadir to the mean sea surface plane beneath the point P, and expand the argument of the exponential in terms of 61,
where we have approximated (1 -cos 0,) - If we ignore the normalized amplitude fluctuations with respect to the enormously larger phase fluctuations, which is a reasonable approximation in the case of scattering from the sea surface (see Appendix), the flcctuations in y can be entirely attributed to phase fluctuations, i.e.,
? ( P I )
The problem remaining is to relate the statistics of y to the wave-height statistics by analysis of (5) .
Consider the equation for y , Substituting ( 9 ) and (10) into (8), we obtain the relationship between the random amplitudes dy and dB in the form result into (16), we obtain =I I e i K 1 * P 1 e -i K 1 ' P 2 ( d B ( K 1 ) dB" (K2)).
(19) Equation (1 1) demonstrates that dy, which can be related to the phase fluctuations by means of (7), is simply the random spectral amplitude dB ( K ) , which depends upon the wave-On the left side of (19) we have a function of (pl -p 2 ) alone height variations times a weighting function I ( K ) , that is, (a consequence of the statistical homogeneity assumption). In order to have a similar dependence on the right side, the quan- Substituting this result into (19), we find that F satisfies the ikoCo 1 d2pl
. ( (14) we can calculate the power spectral density of dy in terms of the power spectral density of dB and ultimately relate the phase statistics to wave-height statistics. First, we multiply (1 2) by its complex conjugate average received power that appears in nearly all treatments of plane-wave scatter from rough Gaussian surfaces since Isakovich's [ 101 pioneering work in 1952. The principal contribution of the subsequent analysis is (1) to show how this result can be extended to spherical-wave scatter via simple transfer-function concepts, and (2) to employ these concepts to derive the statistics of the received signal phase, rather than its average intensity.
the left side of (1 5). From ( 9 ) and (7), (dy(K1)dy*(K2)) = I(Kl)l*(Kz)(dB ( K 1 ) dB* (15) By an analogous procedure we can determine the form of and from the definition (1 0), calculate the expression in the angle brackets on the right side of (1 5), that is
(rcol)TY*@z)) = (e ~C O~( P~) -O~( P~) I )
Again, if it is assumed that the phase fluctuations 9 1 are norGaussian random variables as in the steps leading to (1 7); then, If $ is assumed to be a zero-mean homogeneous mally distributed, we can take recOuISe to the theorem for Gaussian random variable, which is a reasonable assumption for the wave-height fluctuations 
where Dg is the so-called structure function of the wave-height -variations defined by
where Do is the structure function of the phase fluctuations.
In order to have the p1 -p2 dependence on the right side of (241, and at2 and Rg are, respectively, the variance and the spatial correlation function of the wave height. Substituting this The result of the steps leading to (28) is to transform the scattering problem to the spatial frequency domain. The conventional approach to sea scatter calculations is to take a form of the physical optics integral (5) and to determine the desired statistics of H by approximating the integral, e.g., assuming plane wave incidence, applying stationary phase, etc., using information about typical surface roughness parameters, and averaging. Equation (28) demonstrates that the statistics of H may be determined exactly by transforming the scattering problem into the spatial frequency domain. Here the linear system aspect of the problem is emphasized, and the spectral statistics of the received field G(K) factor conveniently into two terms, separating the spectral quantity that depends on the wave-height statistics for plane-wave incidence F(K) from a quantity I I i2 that depends solely on the propagation geometry. Equation (28) is the equation of a linear system in the spatial frequency domain that describes how the input spectrum (the angular spectrum of scattered plane waves leaving the sea surface F ) , is multiplied by a transfer function 1 I l2 so that the resultant G = I I I2F is the angular spectrum of scattered waves at the receiver. Examination of (13), which is the definition of I , reveals that it is also the diffraction integral for the field backscattered from a sinusoidal surface irregularity of wavenumber K whose amplitude is small in terms of the radio wavelength, observed at a distance z' from the surface. Therefore, the physical interpretation of I I l2 is that it describes the mgular distribution of power scattered by a 
APPROXIMATIONS
In t h i s section, we w i A useful engineering approximation for I I l2 can be obtained from (34):
From Fig. ( 2 ) , we see that I I l2 % 1 in the region 
(K).
Because there is negligible area under I I l2 in the region 0 < K < 1O(z' tan compared with the region 1O(z' tan < K < 2ko tan 8 0 for a typical satellite geometry, we make a negligible error by assuming that 11 l2 is roughly constant throughout the entire
has no significant power beyond K = 2ko tan Bo, then G(K) = 
This also implies the following relationship between the signal phase spatial spectrum S@(K) and the two-dimensional waveheight spatial spectrum S(K):
A satellite traversing a line can measure the above quantities
where a is the nadir-pointing track angle with respect to an arbitrary x-y coordinate geometry at the earth's surface. This unidirectional wave spectral measurement is identical to that obtained from an airborne laser proflometer, where the received signal phase (or time of flight) varies in direct proportion to the height of the sea as the instrument "profiles" the ocean waves. The important conclusion to be drawn here is that the final spectral results (40) are identical for the laser profdometer and the microwave nadir-pointing phase-measuring radar, even though the scattering mechanisms are entirely different. In the former case, the reflection occurs from an
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infinitesimally small moving spot on the surface, whereas in the latter the scatter orighates from a continuous, rough sea patch tens of kilometers in diameter.
A final, obvious result, is implied by (39) and (40), relating the rms sea wave height k to the nns signal phase uo:
(41 1 APPENDIX I
In the derivation of (7), we ignore the contributions of the amplitude fluctuations. If these fluctuations are retained (7) would have read y@') = ex(P')+iol(P') (A1 1 From (24) the second factor of (A2) can be written in terms of the phase structure function, and we obtain (y@'>r*@' + p)) = ( p ( P ' ) + x ( P ' + P ) ) e -I~~( P ) .
(-43)
To estimate the error in ignoring the first factor we compute the indicated expected value in two cases, when the x's are completely correlated and then, when they are completely uncorrelated. If the amplitude fluctuations are Rayleigh distributed, that is,
then it is easy to prove that
~( x )
= 2 e 2~e -e~~. Therefore, throughout the whole range of displacements p , a14 4 ( e x ( P ' ) + x ( P ' + P ) ) < 1.
(AS) Equation (A4) is the error attributed to ignoring amplitude fluctuations. To compute the ultimate error in the estimate of the phase fluctuations, we note that (A4) enters into the fial
The second term ranges between zero and 2 In (n/4) = -0.48 as p increases. In the same range of p , the first term goes from zero to 4k02Ut2, where ut2 is the waveheight variance. For a rough sea surface og -1 and 4k02ut2 -1.6 X lo5. Clearly, the error introduced by ignoring amplitude fluctuations is insignificant.
APPENDIX I1
As pointed out by the reviewers, there is an additional more fundamental interpretation of (28) in terms of the coherence function of the wave field upon reception. Actually, the coherence history is recorded in (28). Initially, the wave emitted by the antenna of aperture size do illuminates the sea surface with a wave that is coherent over its illuminated spot diameter D -2z'/(kodo). Immediately upon reflection the wave phase front has the same corrugations as the sea surface itself; therefore, the coherence properties just above the sea surface are determined by the properties of the rough surface. The coherence function of the wave back at the receiver w i l l be a convolution of the surface statistics and purely geometrical propagation factors such as A, z', and do.
To illustrate these points, we return to the Fourier transformed version of (28) where M is the mutual coherence function To proceed further, we note that ps = 2o~s-l, where s is the rms surface slope, and therefore D BARRICK: REMOTE SENSING OF SEA STATE 705 where from our development pos is interpreted as the coherence length of the wave just as it leaves the sea surface. The form of (A13) is now identical to that of Barrick's solution. If we insert (A13) and (AI 1) into (A10) we obtain the result length. This should not be confused with the coherence length of the field which is given by (A16) and is considerably smal l er. The field decorrelates in a distance much shorter than the distance over which the phase decorrelates.
so the coherence length of the received field, defined roughly by &I @, -, ) = e-l, becomes
To put the result in final form, note that tan 190 -2 / ( k o d O ) , so that
Note that as the coherence length of the field at the surface pos = (kos)-l + 0, that is, the scattering is completely incoherent, we obtain the result attributable to the Van CittertZernike theorem; namely, you obtain independent samples of the scattered field each time the receiver aperture moves its diameter. The result (A16), the modified Van Cittert-Zernicke theorem, shows that in partiaUy coherent scattering, which is the case applicable to the sea scatter problem, there is an additional surface-dependent term that contributes to the coherence length of the received field. In the general case do -4(kos)-l so that a more complicated inversion procedure than that suggested by (38) will be necessary (see comments about (30)).
Finally, as a caution, (38) demonstrates that the phase correlation length is the same as the wave-height correlation
